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Several aldehyde dehydrogenase (ALDH) complexes have been purified from the membranes of acetic acid
bacteria. The enzyme structures and the chemical nature of the prosthetic groups associated with these enzymes
remain a matter of debate. We report here on the molecular and catalytic properties of the membrane-bound ALDH
complex of the diazotrophic bacterium Gluconacetobacter diazotrophicus. The purified ALDH complex is a het-
erodimer comprising two subunits of 79.7 and 50 kDa, respectively. Reversed-phase high-pressure liquid chroma-
tography (HPLC) and electron paramagnetic resonance spectroscopy led us to demonstrate, for the first time, the
unequivocal presence of a pyrroloquinoline quinone prosthetic group associated with an ALDH complex from acetic
acid bacteria. In addition, heme b was detected by UV-visible light (UV-Vis) spectroscopy and confirmed by
reversed-phase HPLC. The smaller subunit bears three cytochromes c. Aliphatic aldehydes, but not formaldehyde,
were suitable substrates. Using ferricyanide as an electron acceptor, the enzyme showed an optimum pH of 3.5 that
shifted to pH 7.0 when phenazine methosulfate plus 2,6-dichlorophenolindophenol were the electron acceptors.
Acetaldehyde did not reduce measurable levels of the cytochrome b and c centers; however, the dithionite-reduced
hemes were conveniently oxidized by ubiquinone-1; this finding suggests that cytochrome b and the cytochromes c
constitute an intramolecular redox sequence that delivers electrons to the membrane ubiquinone.

Gluconacetobacter diazotrophicus is a strict aerobe and a
N2-fixing endophyte originally isolated from sugarcane (3, 8,
10, 19). This bacterium belongs to the recently introduced
genus Gluconacetobacter of acetic acid bacteria (30). The oxi-
dation of ethanol to acetic acid is the most distinctive feature
of these bacteria. The process, located in the periplasmic
space, is catalyzed by two membrane-bound enzyme com-
plexes, alcohol dehydrogenase (ADH) and aldehyde dehydro-
genase (ALDH). These enzymes are usually recognized as
quino-hemeproteins that contain pyrroloquinoline quinone
(PQQ) and cytochromes c as prosthetic groups. This view of
the ADH is fully supported by experimental data (1, 11, 12, 18,
21, 22, 27). On the other hand, the presence of PQQ in the
ALDH of Acetobacter sp. strain BPR2001 (26) and Glucon-
acetobacter europaeus (29) has been questioned. Moreover, a
purified preparation of ALDH that contains PQQ, but not
cytochrome c, has been reported in Acetobacter polyoxogenes
sp. nov. (9). A further complication arose from a report in Ga.
europaeus (29) that suggested that a cytochrome b, a [2Fe:2S]
cluster, and a molybdopterin center were additional prosthetic
groups of ALDH. It has been reported that the ALDH en-
zymes from Acetobacter aceti (4) and Ga. europaeus (29) con-
tain three subunits, whereas only two subunits were detected in

Gluconobacter suboxydans (2), Acetobacter rances (15), and
Acetobacter polyoxogenes (9).

We describe here the purification and molecular character-
ization of the two-subunit ALDH complex of Ga. diazotrophi-
cus. Its prosthetic groups were analyzed by distinct alternative
techniques that confirmed the presence of PQQ, one heme B,
and three hemes C. In addition, the catalytic properties of the
purified enzyme were examined.

MATERIALS AND METHODS

Chemicals and reagents. QAE-Toyopearl was obtained from Supelco/
Sigma-Aldrich Corp. (St. Louis, MO). Natriumlauryl-sulfate, acrylamide, bis-
acrylamide, and Precision Plus protein standard were obtained from Bio-Rad
Laboratories, Inc. (Hercules, CA). All other chemicals were obtained from
Sigma-Aldrich Corp.

Strain, growth conditions, preparation of membranes, and culture methods.
Ga. diazotrophicus PAL5 (ATCC 49037) was grown at 30°C in LGIP medium
supplemented with 0.75% ethanol, under the conditions described by Reis et al.
(25), in a 60-liter working-volume Bioflow 5000 fermentor (New Brunswick
Scientific), stirred at 120 rpm, and aerated at 60 liters of air min�1. The fermen-
tor was seeded with 3 liters of an active culture. Cells were harvested in the early
stationary phase (48 h). The procedures used for the disruption of cells and
membrane preparation were described earlier (13). Protein in membranes and
purified fractions were determined according to the method of Markwell et al.
(20).

Purification of ALDH. Cell membranes (�10 mg of protein/ml) were sus-
pended in a 0.01 M potassium phosphate buffer (pH 6.0; buffer KPB). Triton
X-100 was added to the membrane suspension to a final concentration of 0.5%
(vol/vol) and incubated at 4°C for 2 h under gentle stirring and thereafter
centrifuged at 144,000 � g for 60 min. The supernatant containing ALDH
activity was applied to a QAE-Toyopearl column (3 by 18 cm) previously equil-
ibrated with KPB containing 0.1% Triton X-100. Nonretained protein was
washed out with three bed volumes of the same buffer. ALDH was eluted with
a 0 to 0.25 M NaCl linear gradient in the equilibration buffer. Fractions con-
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taining ferricyanide reductase activity with acetaldehyde, but not with ethanol,
were collected and dialyzed overnight against 20 volumes of KPB containing
0.1% Triton X-100. Dialyzed ALDH fraction was applied to a HA-Ultrogel
column (3 by 15 cm) previously equilibrated with KPB containing 0.1% Triton
X-100. Nonretained protein was washed as described above. ALDH was eluted
using a 0 to 0.25 M potassium phosphate (pH 6.0) linear gradient containing
0.1% Triton X-100. The active fractions were collected and concentrated 10-fold
by ultrafiltration in an Amicon YM30 MW (Amicon Corp., Danvers, MA). The
concentrated fractions were applied to a Sephacryl-S200 column (64 by 5 cm),
previously equilibrated with five bed volumes of KPB containing 0.1% Triton
X-100. The active fractions were pooled and concentrated as described above
and stored at 4°C for further analyses.

The purified ALDH was analyzed by sodium dodecyl sulfate-polyacrylamide
gel electrophoresis (SDS-PAGE) in 16-by-14-cm slab gels with 10% polyacryl-
amide by the method of Goodhew et al. (14). For native PAGE, the same system
was used, except that the polyacrylamide concentration was of 7.5%, and SDS
was replaced by 0.1% Triton X-100. Native gels were stained with 0.05% Coo-
massie brilliant blue R-250 or alternatively, for enzyme activity (zymogram), in a
medium containing 2.0 mM phenazine methosulfate (PMS), 0.34 mM nitroblue
tetrazolium, and 100 mM acetaldehyde (1). The heme-catalyzed peroxidase stain
assay described by Thomas et al. (28) was used to detect cytochrome c bands in
SDS gels. For the sequence analysis, the protein bands were carefully excised
from Coomassie blue-stained SDS gels and peptide sequenced as previously
reported (17) The isoelectric point (pI) of the purified ALDH was determined by
using the Phast system and gels with a pH range of 3.4 to 9.0 (Amersham
Biosciences/GE Healthcare, United Kingdom).

Enzymatic activity assays. The oxidoreductase activity of ALDH was mea-
sured spectrophotometrically in a Shimadzu UV-2401 PC UV-visible light (UV-
Vis) spectrophotometer (Shimadzu, Kyoto, Japan) at pH 3.5 using potassium
ferricyanide as an electron acceptor as described by Matsushita et al. (22) or at
pH 7.0 using PMS plus 2,6-dichlorophenolindophenol (DCPIP) as electron ac-
ceptors, as described previously (8). One unit of the enzyme activity is the
amount of enzyme that catalyzes the oxidation of 1.0 �mol of substrate per min
under the indicated conditions.

Electron paramagnetic resonance (EPR) spectroscopy. ALDH (6.0 mg of
protein) in 500 �l of 10 mM phosphate buffer (pH 6.0) was transferred into a
3-mm (inner diameter) quartz tube and frozen in liquid nitrogen. CW-EPR
spectra were recorded on a Bruker Elexsys E500 spectrometer at x-band (9.39
GHz) and 100-kHz modulation. The temperature at 5 or 10 K was maintained by
an Oxford liquid helium continuous flow cryostat. The g-values were determined
by measuring the magnetic field and the microwave frequency.

Determination of PQQ by reversed-phase HPLC. The PQQ in the purified
enzyme (3.0 mg of protein) was extracted with 90% methanol as described by
Matsushita et al. (22) and determined by reverse-phase high-pressure liquid
chromatography (HPLC). A chromatography system equipped with a photo-
diode array detector Waters model 996 (Milford, MA) and Millennium 2000
software (Microsoft Corporation) was used. Separation and identification of
PQQ were performed in a Waters C18 Spherisorb S5 OD52 analytical column
(4.6 by 150 mm) as described earlier (13). Eluted PQQ was detected at 275 nm,
and its concentration was calculated from the area of the corresponding peak
using commercial PQQ as a standard.

Determination of hemes. UV-Vis difference spectra were recorded at room
temperature in an OLIS-SLM DW 2000 spectrophotometer (Olis, Inc., Bogart,
GA) using 1-cm light path cuvettes. Samples were reduced with sodium dithio-
nite, whereas the references were oxidized with few grains of ammonium per-
sulfate. The cytochromes content of the ALDH were determined at A550–540

using an extinction coefficient of 19.1 mM�1 cm�1 for cytochrome c and at
A556–575 using an extinction coefficient of 21 mM�1 cm�1 for cytochrome b (7).

Extractable hemes from purified ALDH were determined by reversed-phase
HPLC. Separation and identification of hemes were performed in a Waters
Delta-Pak HPLC18 300 column (2 by 150 mm). Hemes were extracted from the
purified ALDH (1.0 mg of protein) with acid-acetone and dissolved in a 0.5%
trifluoroacetic acid-acetonitrile solution as described by Puustinen and Wikström
(24). The samples were applied to the Delta Pak column, and the hemes were
eluted by an acetonitrile gradient as described previously (13). Protoheme IX
(Sigma), hemes B and O extracted from Escherichia coli, and hemes B and A
extracted from mitochondrial particles from bovine heart were used as standards.

RESULTS

Purification of the membrane-bound ALDH. ADH and
ALDH complexes were extracted from membranes (10 mg of

protein/ml) with 0.5% Triton X-100 in buffer KPB. During the
first chromatography step in a QAE-Toyopearl column, the
ADH and ALDH complexes were separated (not shown). A
peak eluting at 50 mM NaCl contained all of the ADH activity
(ethanol as substrate); however, this peak also showed activity
on acetaldehyde. In contrast, the peak that eluted at 100 mM
NaCl was very active for acetaldehyde and showed no activity
on ethanol. Both peaks showed cytochrome absorption at 405
nm. Thus, fractions of the second cytochrome peak, specific for
acetaldehyde, were pooled and subjected to further purifica-
tion steps as described in Material and Methods. After starting
with 3.0 g of membrane protein, at the end of the purification
process 4.0 mg of homogenous ALDH was obtained (Table 1).
During purification, stabilizing agents for ALDH, such as benz-
aldehyde and sucrose (2, 4, 15, 29), were unnecessary, and the
resulting purified preparation could be stored for several
weeks at 4.0°C, or for longer times at �70°C, without appre-
ciable loss of the activity.

Molecular properties of ALDH. The homogeneity of the
purified ALDH was analyzed by nondenaturing PAGE (Fig.
1). A single band with a molecular mass of 129 kDa was
revealed by the Coomassie blue staining (Fig. 1a) or by the
zymographic procedure revealing the specific dehydrogenase
activity on acetaldehyde (Fig. 1b). Under denaturing condi-
tions in SDS-PAGE, the enzyme showed the presence of two
bands having an Mr of 79.7 and a mass of 50 kDa (Fig. 1d), as
determined by mass spectroscopy (not shown). The heme-
catalyzed peroxidase assay showed reaction of only the 50-kDa
subunit (Fig. 1c). Since our SDS-PAGE gel was first developed
for heme C and then for protein, the Coomassie stain gave
unequal blue tones that reflected on the apparent weak stain-
ing of the 50-kDa hemeprotein (Fig. 1d).

The amino acid sequence of the two resolved polypeptides
was determined, and protein identification was carried out by
using Mascot Software, the BLAST facility of the National
Center for Biotechnology Information ((http//ncbi.nlm.nih
.gov/Blast), and The Institute for Genomic Research (http//
www.tigr.org). Sequence analysis showed a perfect match with
ALDH from Ga. europaeus (GenBank accession no.
CAA69955.1) and A. polyoxogenes (SwissProt accession no.
P17201.1), 75 to 100% identity with ALDH from A. pasteuria-
nus (GenBank accession no. BAB97172.1), and 64 to 100%
with ALDH from Go. suboxydans (GenBank accession no.
BAD90575.1).

Cytochrome analysis. Visible light spectroscopy of the puri-
fied enzyme reduced by dithionite showed absorption maxima
at 552, 523, and 420 nm that could be assigned to the charac-
teristic �, �, and � absorption bands, respectively, of the re-

TABLE 1. Purification summary of the membrane-bound ALDH

Purification step Total
protein (mg)

Sp act
(U/mg)a

Total
activity (U)

Yield
(%)

Membrane fraction 3,000 5 15,000 100
Solubilized fraction 600 18 10,800 72
QAE-Toyopearl 250 32 8,000 53
Ha-Ultrogel 15 393 5,895 39
Sephacryl S200 4 947 3,788 25

a The activity was assayed under the standard conditions described in Mate-
rials and Methods.
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duced c-type cytochromes (Fig. 2). In addition, the presence of
a b-type cytochrome was strongly suggested by the existence of
shoulders at 526 and 556 nm (inset in Fig. 2). The concentra-
tion of cytochrome c and of the putative cytochrome b in
ALDH as calculated from the �-absorption bands were 23.3
and 7.23 nmol mg of protein�1, respectively, suggesting that
the ALDH complex contains three cytochromes c and one

cytochrome b. Spectral analysis of the purified ALDH reduced
by its substrate acetaldehyde was also attempted; however,
even after long-term incubation, the enzyme showed poor re-
duction levels of both cytochromes b and c. Thus, the appro-
priate difference spectrum of the acetaldehyde-reduced ALDH
could not be obtained. A similar result was reported for the
purified membrane ALDH of A. rances (15).

The presence of cytochrome b was confirmed by HPLC
analysis of hemes extracted from the purified enzyme. A single
major peak that eluted with the same retention time (i.e., 21.73
min) of the protoheme IX standard was obtained (Fig. 3). An
approximate concentration of 6.5 nmol of cytochrome b per mg
of protein was calculated from the area under the peak, which
is close to the concentration calculated from the absorption
spectrum of the dithionite reduced enzyme.

EPR spectroscopy. Earlier, this technique had been success-
fully applied to investigate the PQQ prosthetic group in bac-
terial ADHs complexes (16, 6). To our knowledge, ALDH
complexes of acetic acid bacteria have yet to be analyzed by
EPR spectroscopy. The X-Band CW-EPR spectrum of the
purified ALDH in its reduced form showed a sharp signal
centered at giso � 2.0047 (Fig. 4). Its g-value and lines width
were typical for an organic radical, and it was assigned to the
PQQ-semiquinone. Similar spectra were described for the
PQQ moiety in purified ADH complexes from Pseudomonas
aeruginosa (16) and Comamonas testosteroni (6).

The presence of PQQ prosthetic group associated with the
ALDH of Ga. diazotrophicus was further confirmed by HPLC
analysis of methanol-extracted materials obtained from the
purified enzyme (Fig. 5). A single major peak eluting with the
same retention time (i.e., 4.28 min) of the authentic PQQ was
obtained. The concentration of PQQ calculated from the area
of the corresponding peak at 275 nm using commercial PQQ as
standard was 7.0 nmol mg of protein�1, indicating that the
purified ALDH complex contains one molecule of PQQ.

FIG. 1. PAGE of the purified aldehyde dehydrogenase complex
from Ga. diazotrophicus. (a) Approximately 50 �g of purified protein
was loaded on native gel (10%) and stained by Coomassie brilliant
blue. (b) Aldehyde dehydrogenase activity was stained by zymography.
Alternatively, the purified enzyme (50 �g of protein) was subjected to
SDS-PAGE and first stained by the peroxidase assay with tetramethyl-
benzidine (c), followed by the Coomassie blue stain (d). The molecular
mass of each band is indicated on the side in kilodaltons. The electro-
phoresis procedures and stain techniques are described in Materials
and Methods.

FIG. 2. Visible-light absorption spectrum of the purified aldehyde
dehydrogenase complex from Ga. diazotrophicus. The dithionite-re-
duced minus the persulfate-oxidized difference spectrum is depicted
and was taken at an enzyme concentration of 0.3 mg ml�1 in 10 mM
potassium phosphate buffer (pH 6.0) containing 0.1% Triton X-100.
The inset shows the amplified � band of the spectrum.

FIG. 3. Reversed-phase HPLC chromatogram of heme extracted
from the purified aldehyde dehydrogenase complex (0.4 mg of protein)
from Ga. diazotrophicus. The system was calibrated with the following
standards: hemes B and O extracted from Escherichia coli and hemes
B and A extracted from submitochondrial particles from bovine heart
and protohaem IX obtained from Sigma Chemical Co. The retention
times for the standards were as follows: heme B, 21.73 min; heme A,
26.4 min; and heme O, 30.4 min.
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Catalytic properties of ALDH. The activity of purified
ALDH complex of Ga. diazotrophicus as a function of pH
showed a sharp and symmetric activity peak with a maximum at
pH 3.5 with potassium ferricyanide as electron acceptor (Fig.
6). The optimum pH shifted to a sharp 7.0 when PMS plus
DCPIP were used as electron acceptors. ALDH possesses mul-
tiple redox centers, which are potentially reactive sites from
which electrons can be withdrawn by different redox dye elec-
tron acceptors. Therefore, it is it likely that the response to pH
obtained with the two different electron acceptor systems re-
flects the properties of particular redox centers within the
enzyme. On the other hand, in native membranes of Ga. diazo-
trophicus, the aldehyde-ferricyanide reductase activity exhib-
ited an optimum pH of 3.5 (not shown). Thus, the optimal pH
determined for the ferricyanide reductase activity both in
membranes and in the purified ALDH is similar to the pH
range at which acetic acid bacteria usually produce vinegar.

The relative oxidative activities of the purified enzyme toward
several alcohols, aldehydes, and other organic compounds were
examined. The enzyme showed rather narrow substrate specific-
ity. Aliphatic aldehydes such as acetaldehyde (100%, relative ac-
tivity), propionaldehyde (72.7%), and glutaraldehyde (26.4%)
were good substrates. Formaldehyde and benzaldehyde were not
oxidized at all. Other compounds, such as aliphatic alcohols and
sugar aldehydes, were not substrates. Using acetaldehyde as a
substrate and ferricyanide as an electron acceptor, the kinetic
parameters at pH 3.5 and 30°C were as follows: Km � 3.3 � 10�3

M, kcat � 2.22 � 105 s�1, and kcat/Km � 6.72 � 106 M�1 s�1. The
Km value was similar to those of the membrane-bound ALDH
from A. aceti (i.e., 2.9 mM [4]), Go. suboxydans (i.e., 3.3 mM [2]),
and A. rances (i.e., 1.0 mM [15]).

The pI of the purified ALDH complex was determined by
the isoelectric focusing technique, and it was found to be 5.2
(data not shown), which is similar to that reported for the
membrane ALDH purified from A. rances (15). The ferricya-
nide reductase activity of our purified ALDH was strongly

inhibited by 1.0 mM HgCl2 or CuSO4 (not shown), whereas
CaCl2, MgCl2, or EDTA at the same concentration did not
affect enzyme activity (not shown).

Role of the ALDH cytochromes in redox catalysis. Since the
reduction of the ALDH cytochromes by the physiological sub-
strate aldehyde could not be observed, even after long-term in-
cubation, an experiment was designed to evaluate the participa-
tion of ALDH cytochromes in the intramolecular electron
transport to ubiquinone 1 (UQ1), which was used as an analog of
the physiological UQ10 acceptor. The purified ALDH (50 �g of
protein) was reduced in a stepwise fashion by dithionite, and the
full reduced spectrum was recorded (Fig. 7). At this point, the
oxidation of the ALDH complex was induced by successive ad-
ditions of UQ1 (the concentrations are noted in the Fig. 7 inset).
The spectra recorded after each UQ1 addition showed that both
cytochromes c (	A550–540) and cytochrome b (	A556–570) were
partially, but significantly, oxidized by UQ1. At the final titration
point (35 �M UQ1), 20 and 32% of cytochromes c and b, respec-
tively, remained reduced. These results strongly suggest that cy-

FIG. 4. EPR spectral analysis of the purified aldehyde dehydroge-
nase complex. The X-Band CW-EPR spectrum of the dithionite-re-
duced enzyme (6 mg of protein in 0.5 ml) was determined. The exper-
imental conditions were as follows: microwave frequency, 9.39 GHz;
temperature, 10 K; microwave power, 2.0 mW; and modulation am-
plitude, 0.0005 T.

FIG. 5. Reversed-phase HPLC of the PQQ. (A) Reversed-phase
HPLC chromatogram of the methanol extracted quinones associated
with the purified acetaldehyde dehydrogenase complex (3.0 mg of
protein) of Ga. diazotrophicus. (B) The system was calibrated with
commercial standards: PQQH2 (commercial form) and commercial
PQQH2 oxidized with ammonium persulfate, Q7, and Q10 (retention
times of 4.28, 6.8, 9.28, and 11.19 min, respectively).
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tochrome b and the cytochromes c constitute an intramolecular
redox sequence that delivers electrons to the endogenous UQ10 in
the membrane.

DISCUSSION

Oligomeric structure of ALDH complexes. Several ALDH
complexes have been purified from acetic acid bacteria (see

Table 2 and the references therein); however, the results con-
cerning the oligomeric structure and the chemical nature of the
prosthetic groups associated with such enzymes are strikingly
different, which suggests that among acetic acid bacteria, mem-
brane-bound ALDH complexes are a heterogeneous group of
enzymes. Table 2 shows that the molecular masses reported for
the distinct ALDHs range between 90 and 157 kDa. Most
frequently, the purified enzyme is a heteroligomer composed
of either two (i.e., A. polyoxogenes, Go. suboxydans, A. rances,
and Ga. diazotrophicus) or three subunits (i.e., A. aceti and Ga.
europaeus). It is noteworthy that two distinct ALDH enzymes
have been purified from membranes of A. aceti; one is a three-
subunit ALDH, whereas the other is constituted by a single
125-kDa subunit. Although a full characterization is lacking,
the enzymes seem to be quite distinct from each other in
molecular structure, prosthetic groups, and catalytic properties
(see Table 2 and references therein).

It is also noteworthy that although our ALDH was purified
as a two-subunit complex, sequence analysis of internal pep-
tides of both subunits allowed us to localize the putative
operon coding for the ALDH complex in the genome database
of Ga. diazotrophicus (GenBank accession nos. AM889285.1,
CAP57222.1, CAP57223.1, and CAP57224.1). The aldA-C pu-
tative operon of Ga. diazotrophicus is very similar to that
present in Ga. europaeus (29); therefore, the ALDH complex
of Ga. diazotrophicus to may contain a third 17-kDa subunit
coded by the aldC gene (78% identity with aldG of Ga. euro-
paeus; GenBank no. CAA69954.1) localized between the adhA
and adhB genes. Thus, it seems that the third minor subunit in

FIG. 6. Effect of pH on ferricyanide reductase (E) and DCPIP
reductase (F) activities of the purified ALDH complex of Ga. diazotro-
phicus. The conditions used for the activity assays are described in
Materials and Methods.

FIG. 7. Oxidation of cytochromes c and b associated with the aldehyde dehydrogenase complex by the electron acceptor UQ1. Purified ALDH
(46 �g of protein) was stepwise reduced by limited amounts of dithionite, and the full reduced spectrum was traced. At this point, the oxidation
of the ALDH complex was induced by successive additions of UQ1 (concentrations are noted in the inset). The oxidation of cytochromes c
(	A550–540) and b (	A556–570) was measured and plotted against the UQ1 concentration reached after each addition (inset).
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Ga. diazotrophicus is loosely bound to the membrane ALDH
complex and probably removed upon detergent solubilization
of the membrane. In any case, the dimeric structure constituted
by the 79.5- and 50-kDa subunits seems to be the minimal struc-
ture required for catalysis in the ALDH complex of Ga. diazotro-
phicus; however, the lack of the 17-kDa subunit in the purified
ALDH complex could explain the low reduction levels of cyto-
chromes evoked by acetaldehyde, as discussed above.

Prosthetic groups of ALDH complexes. The presence of
PQQ in ALDHs has been questioned in two cases. (i) Take-
mura et al. (26), using chemical mutagenesis, obtained a PQQ-
negative mutant of Acetobacter sp. strain BPR2001. That mu-
tant was devoid of glucose dehydrogenase and ADH activities
but contained close to normal membrane-bound ALDH activ-
ity; thus, these researchers concluded that PQQ is not a pros-
thetic group of ALDH complexes of acetic acid bacteria. How-
ever, the purification of this PQQ-independent ALDH was not
attempted. (ii) Thurner et al. (29), based on the results ob-
tained by Takemura et al. (26), extended that conclusion to the
purified ALDH complex of Ga. europaeus; unfortunately, these
authors did not explore the presence of PQQ in purified ALDH.
In addition, the presence of PQQ in the one-subunit ALDH
purified from A. aceti was not examined (23). In the present study,
the unequivocal presence of PQQ in the purified ALDH complex
was confirmed by three independent methods (i.e., fluorescence
spectroscopy, EPR, and HPLC). A quantitative calibration with
authentic PQQ indicated that 1 mol of PQQ is associated with the
ALDH complex of Ga. diazotrophicus.

Hemes. The presence of heme C in purified ALDH com-
plexes is generally accepted. A single heme C was found to be
associated with the ALDH of Go. suboxydans (2, 6). In the case
of Ga. europaeus, the heme stain with tetramethylbenzidine was
positive for both the 79- and the 46-kDa subunits (29). However,
three CXXCH sequence motifs for heme C binding site were
identified in the deduced amino acid sequence of the 46-kDa

subunit, and none were identified in the sequence of the 79-kDa
subunit (29). The ALDH of A. polyoxogenes (9) was apparently
purified as a defective complex containing one 75-kDa subunit
and one 19-kDa subunit and was therefore lacking the medium-
size cytochrome c subunit (15). In addition, the one-subunit en-
zyme (125 kDa) purified from A. aceti was claimed to lack the
typical absorption of a cytochrome c component (23). In the
present study, the tetramethylbenzidine stain demonstrated the
presence of heme C associated with the 50-kDa subunit only. The
existence of the three CXXCH binding motifs for cytochrome c in
the deduced amino acid sequence analysis supports the presence
of three heme C groups in this subunit.

The presence of heme B associated with an ALDH complex
was first suggested by Thurner et al. (29) on the basis of the
difference spectrum of the purified ALDH of Ga. europaeus. In
accordance with the findings of Thurner et al. (29), we de-
tected heme B in the difference spectra of the ALDH purified
from Ga. diazotrophicus and confirmed its chemical nature by
HPLC analysis of acid-acetone extracted from the purified
enzyme. Quantification of cytochromes associated with the
purified enzyme, by visible light spectroscopy and HPLC,
showed a 3:1 ratio for cytochromes c, and b, respectively.

[2Fe:2S] and molybdopterin. The presence of [2Fe:2S] clus-
ters in the ALDH complex of Ga. europaeus was hypothesized
by Thurner et al. (29). These researchers observed a peak at
467 nm in the difference spectrum of the purified enzyme and
found that the derived amino acid sequence of the 17-kDa
protein contained eight conserved cysteine residues that ap-
parently were involved in the binding of two putative [2Fe:2S]
clusters. In this regard it is important to note that the spectra
of distinct ALDH complexes previously purified (4, 9, 15),
including our purified ALDH, do not contain such a spectral
signal at 467 nm. We have to bear in mind that our purified
ALDH is a heterodimer lacking the third-minor subunit; there-
fore, spectroscopic signals suggesting the presence of [2Fe:S]

TABLE 2. Properties of ALDH complexes purified from membranes of acetic acid bacteria

Property

Findingsa for:

A. polyoxogenes G. suboxydans A. rances
A. acetid

Ga. europaeus Ga. diazotrophicus
1 2

General features
Molecular mass (kDa) 90 140 145 157 125 ND 129.7
Subunit size (kDa) 75, 19 86, 55 78, 66 75, 45, 14 125 79, 46, 17 79.7, 50

Prosthetic groups
PQQ YesA YesA YesA YesA ND ND 1BC

Heme C NDD 1DE NDD YesD NDD 3DF 3DEF

Heme B NDD NDD NDD NDD NDD YesD 1DG


2Fe:2S� ND ND ND ND ND YesD NDD

Molybdopterin ND ND ND ND ND YesH ND

Catalytic properties
Aldehyde specificity C2–C6 C2–C6 C2–C6 C2–C6 Broad ND C2–C6
Optimal pHb 7* 4† 5.1† 5† 8† ND 3.5†; 7*
Km (mM)c 12 3.3 0.91 2.9 0.15 2.1 3.3

a The source or reference(s) for the indicated strains were as follows: A. polyoxogenes (9), G. suboxydans (2, 5), A. rances (15), A. aceti (4, 5, 23), Ga. europaeus (29),
and Ga. diazotrophicus (this study). ND, not determined or not detected. Determination methods are indicated by superscript capital letters as follows: A, fluorescence
spectroscopy; B, HPLC; C, EPR; D, visible-light spectroscopy; E, redox titration; F, zymography; G, HPLC; H, deduced from amino acid sequence.

b Electron acceptors: �, PMS plus DCPIP; †, ferricyanide.
c Substrate: acetaldehyde.
d Two ALDH complexes (1 and 2) have been purified from A. aceti.

VOL. 192, 2010 PROPERTIES OF GA. DIAZOTROPHICUS ALDH 5723



clusters are not expected. However, the deduced sequence
analysis of the aldC gene coding for the putative 17-SIII sub-
unit of Ga. diazotrophicus is identical to the corresponding
gene in Ga europaeus (29). In any case, more experiments
should be carried out to demonstrate the presence of [2Fe:2S]
clusters in purified ALDHs.

In addition, Thurner et al. (29), on the basis of the deduced
amino acid sequence of the ALDH complex of Ga. europaeus,
proposed the presence of a molybdopterin cofactor to the
79-kDa subunit. Unfortunately, this proposal was not further
validated by chemical analysis of the purified enzyme. Com-
parison of the consensus sequences of the PQQ and Mo-pterin
binding domains with the amino acid deduced sequence of the
ALDH from Ga. diazotrophicus showed equal probability that
the prosthetic group of the ALDH from Ga. diazotrophicus is
Mo-pterin or PQQ (i.e., 58 and 62%, respectively). In any case,
the presence of molybdopterin in ALDHs of acetic acid bac-
teria must be confirmed by chemical techniques.

In conclusion, the ALDH complex of Ga. diazotrophicus was
purified as a two-subunit quinoheme protein. The two prosthetic
groups most likely associated with the major (79.7 kDa) subunit
are one PQQ and one heme B. The minor subunit (50 kDa) is a
hemeprotein containing three hemes C. Genome database anal-
ysis of Ga. diazotrophicus suggested that the membrane-bound
complex contains a third 17-kDa putative subunit; however, its
nature and function must be further confirmed. The enzyme is
specific for aliphatic aldehydes (C2-C6) and is able to use ferri-
cyanide or PMS plus DCPIP as electron acceptors having optimal
pH values of 3.5 and 7.0, respectively. The UQ10 analogue, UQ1,
was also able to accept electrons from the dithionite-reduced
enzyme and that resulted in the partial but significant oxidation of
the cytochromes b and c centers of the enzyme.
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